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ABSTRACT 
 
Experimental tests are considered the most realistic approach to assessing the 
nonlinear behaviour of masonry-infilled reinforced concrete (RC) frames. Therefore, 
their results can be used to validate the properties of macro-models such as strut-type 
models, which are widely used in performance studies of masonry infilled RC frames 
due to their computational efficiency. However, the significant cost of experimental 
tests is the main barrier to their use. This paper introduces the use of detailed finite 
element models as an alternative to experimental tests to model the behaviour of 
infilled RC frames. The proposed modelling approach was developed using commercial 
software (ANSYS®) in order to be more easily replicated by other researchers. The 
comparison between numerical and experimental results shows the developed 
numerical models can capture the nonlinear behaviour of the physical specimens and 
predict their overall strength and failure mechanisms. Therefore, they can be used as 
an alternative to experimental tests. 
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1.  INTRODUCTION 
 
Reinforced concrete (RC) infilled frames are one of most commonly used structural 
systems in the world, even in earthquake-prone regions. In most designed buildings, 
the function of the masonry infill does not exceed its architectural function i.e. it is not 
considered as a structural element. However, past earthquakes (e.g. Turkey, 1999, 
Chania, 2008 and Nepal 2015) have shown that infill walls interact with the RC 
structural elements during the earthquake and develop unforeseen failure mechanism 
as shown in  
Figure 1. Therefore, it is important to assess the global structural response of these 
structures taking into account the effect of the infill walls. Extensive research has been 
carried out over the years to study the interaction between RC frames and their infill 
walls. Polyakov [1] conducted the earliest experimental studies which tried to clarify the 
interaction between these two elements. His study showed that the infill works as 
diagonal bracing of the RC frame. Accordingly, Holmes [2] replaced the infill panel by a 
diagonal strut with the same material and thickness of the infill panel. Since then, 
several attempts were carried out to evaluate the structural properties of the equivalent 
diagonal strut, which provides a more computationally efficient, though simplified, 
representation for the behaviour of this type of structures. 
 
  
a) Infill shear and major frame damages, 
Chania 2008 [3] 
b) Infill shear and minor frame damages, 
Nepal 2015  
  
c) A collapsed soft storey apartment building in 
the Marina District, San Francisco 1989 (Loma 
Prieta Earthquake) [4] 
d) Damage to an apartment building with a 
soft first storey in Bordj-Kiffan city, Algeria 
2003 [5] 
 
Figure 1 Damages to masonry infilled RC frames after the several earthquakes 
 
 
The nonlinear finite element method has been used by many researchers to represent 
the behaviour of RC infilled frames as an alternative to experimental tests. Stavridis 
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and Shing [6], Mohyeddin et al. [7] and Sattar and Liel [8] are examples of such 
studies. All of these studies were conducted with different modelling approaches and 
assumptions according to the potentialities of the selected software packages. ANSYS 
software has been used by several researchers for the finite element modelling of RC 
infilled structures and a good match has been obtained between numerical and 
experimental results representing the behaviour of these structures under monotonic 
loading [7, 9]. A similar approach is used in the proposed paper in order to develop a 
detailed FE model for fully and partially infilled RC frames subjected to cyclic loading 
using ANSYS, thus using this approach as a proxy to the experimental tests. After 
presenting the characteristics and features of the proposed modelling approach, the 
results of several experimental tests are used to validate the proposed approach. 
 
 
2.  NUMERICAL MODELLING STRATEGY 
 
The modelling strategy that was selected involves discretizing the RC-infill structure 
into individual elements. The ANSYS SOLID65 element was used to represent the 
brittle components (i.e. concrete and masonry) due to its capability to crack in tension 
and crush in compression. The longitudinal and transverse steel reinforcement of RC 
elements was modelled using a smeared approach by using the ability of the SOLID65 
element to include reinforcement rebar data in its properties. Finally, in order to model 
the interaction either between adjacent brick units with themselves or between the brick 
units and the surrounding RC frame, contact elements were defined between the bricks 
and between the bricks units the RC frame as shown in Figure 2. According to the type 
of element, several materials models were used to represent the structural behaviour of 
each component as described in the following. 
 
Brick-frame contact element
Brick-Brick
contact element
SOLID65 for
Brick element
SOLID65 for
RC parts
SOLID65 geometry
 
 
Figure 2 General description of the micro-model for masonry infilled RC frame 
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2.1.  Material modelling of reinforced concrete elements 
 
The ANSYS concrete material “CONCR” was used in order to activate the cracking and 
crushing capabilities of the SOLID65 element. The CONCR material requires the 
definition of four main parameters. These parameters are the tβ  and cβ  shear 
coefficients for opened and closed cracks, respectively, the concrete tensile strength 
tf  and the concrete compressive strength cf . The value of the tensile strength tf , and 
of the compressive strength cf  were defined according to experimental data. The 
parameters tβ  and cβ  control the amount of shear that is transferred across an 
opened and closed crack, respectively, and their values range from 0 to 1 [10], where 0 
represents a smooth crack (i.e. with total loss of shear transfer) and 1 represents a 
rough crack (i.e. with no loss of shear transfer). The concrete material model CONCR 
follows the failure surface proposed by William and Warnke [10] where material 
behaves linearly until crushing or cracking. The cracking follows the stress-stain 
relation in tension shown in Figure 3, where cT  is a multiplier accounting for the tensile 
stress relaxation, E is the initial modulus of elasticity of the concrete, and Rt is the 
secant modulus of the concrete. 
 
Since CONCR material model behaves as a linear elastic material, it is unable to 
represent the nonlinearity involved in the real behaviour of concrete. For this reason, 
the constitutive model proposed by Kent and Park [11], known as the “Kent Park 
model” was used to define a multi-kinematic material model MKIN representing the 
envelope curve of the hysteretic behaviour for unconfined concrete in compression. For 
confined concrete, the Kent Park model was replaced by its modified version proposed 
in [12]. In order to use the multi-kinematic model MKIN to represent the behaviour of 
concrete in compression, the crushing capability of the SOLID65 element was 
deactivated to avoid the premature failure of concrete [13], thus guaranteeing that the 
concrete elements follow the selected constitutive model. The Poisson ratio of the 
concrete material was considered equal to 0.20. 
 
 
f
t
T
c
ft
crcr
1
E
Rt
1
Cracking stress
 
Figure 3 Stress strain curve of the concrete material model CONCR in tension [14] 
 
 
The structural behaviour of the steel rebars embedded in the SOLID65 element was 
modelled using a bilinear stress-strain relation with kinematic hardening. The bilinear 
material requires the value of the steel yield stress σy, of the initial modulus of elasticity 
Es and of the post-yield tangent modulus ET to be fully defined. Under cyclic loading, 
the steel material model used considers the Bauschinger effect [15] for the case of the 
cyclic loading. The tangent modulus ET was assumed to be equal to 2.5% of the initial 
modulus of elasticity Es [16]. The Poisson ratio of the steel material was considered 
equal to 0.30. 
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2.2.  Material modelling of the masonry  
 
The concepts been used to model the concrete material were also used to model the 
masonry infills material. Therefore, the description provided for the concrete material 
modelling in terms of tensile behaviour and failure surface is also valid to the modelling 
of the masonry units. The nonlinear stress–strain curve proposed by Hendry [17] was 
adopted to model the compression stress state of the brick material: 
 
 
2
' 2 m mm m
crm crm
f ε εσ
ε ε
   = −  
   
 (1) 
 
where mε  and mσ  are the compressive strain and the corresponding compressive 
stress of the masonry, 'mf  is the maximum compressive strength of the masonry and 
crmε  is the maximum compressive strain before failure starts. The Poisson ratio of the 
masonry material was considered equal to 0.19. 
 
 
2.3.  Modelling of the interface elements 
 
The ANSYS surface contact element pairs CONCTA174 and TARGE170 shown in 
Figure 4 were used to represent the interaction either between the masonry units or 
between the masonry infill and the RC frame. The cohesive zone material model (CZM) 
was used to define the behaviour of the contact elements [14]. The contact pair 
behaves according to the assigned CZM model. A bilinear model with mixed traction 
(mode I and mode II) was adopted to account for the possibility of loss of contact in 
both tension and shear, as shown in Figure 5 a) and b), respectively. This model is 
based on the model proposed by Alfano and Crisfield [18]. The bilinear relation 
between the traction stress and its corresponding traction distance δ can be defined by 
the maximum stress and the maximum traction distance or, alternatively, by the 
maximum traction stress and the corresponding fracture energy. The input parameters, 
which are used to define the CZM for the proposed model, are the following: the 
maximum normal contact stress σmax, the contact gap at full debonding cnδ , the 
maximum equivalent tangential contact stress maxτ  and the tangential slip at full 
debonding ctδ . 
 
 
 
Figure 4 Schematics of the interface elements [14] 
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(a)  (b) 
Figure 5. Bilinear behaviour of the CZM material: a) bilinear definition of cohesive zone 
model for tensile debonding (mode I); b) bilinear definition of cohesive zone model for 
shear debonding (mode II). 
 
 
3.  EXPERIMENTAL DATA OF THE SELECTED CASE STUDIES 
 
Kakaletsis and Karayannis [19] tested a set of specimens with a 1:3 scale made of 
single-storey and single-bay frames subjected to reversed cyclic quasi-static horizontal 
loading up to a drift of 4%. Four specimens from Kakaletsis and Karayannis [19] tests 
were used to validate the proposed numerical modelling approach. These specimens 
are the bare RC frame B (Figure 6), the fully infilled RC frame S, the partially infilled RC 
frame with a centred window opening WO2 and the partially infilled RC frame with a 
centred door opening DO2. The RC frames of the infilled specimens have the same 
details of specimen B. Specimen B is used to validate the modelling procedure for the 
RC elements and the remaining specimens are used to validate the proposed 
modelling approach for three different configurations of the infill panel. Finally, Table 1 
gives the mechanical properties of the selected case studies. 
 
Table 1 -    Mechanical properties of the selected case studies and their corresponding 
numerical terms 
 
Specimens 
ID  
Concrete Reinforcing Steel Infill panel Vertical 
loading 
(kN) fc (MPa) 
ft 
(MPa) 
size 𝜎𝜎yield 
(MPa) 
𝜎𝜎ultimate  
 (MPa) 
Masonry Mortar 
fm’ (MPa) fmo (MPa) 
B 28.51 n/a Ø5.6 390.47 516.27 -- -- 100 
S* 28.51 n/a Ø3.0 212.20 321.07 3.10 1.53 100 
-The tensile strength of concrete tf  is computed based on 0.623t cf f=  and a similar relation was used between 
the compressive and tensile strengths of the masonry. 
- 𝜎𝜎yield is the steel yield stress  
-𝜎𝜎ultimate is the ultimate steel strength  
-Based on the 𝜎𝜎yield  and 𝜎𝜎ultimate, the tangent modulus ET is defined as 5000 MPa which is 2.38% of the initial Young’s 
modulus E (200GPa) 
- The dimensions of the brick units used in the specimens is 60*60*93 mm3 
-The mortar tensile strength was used to represent the normal contact strength σmax between the brick units. 
* The rest of the specimens (i.e. the partially infilled specimens) have the mechanical properties of specimen S 
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Figure 6 Description of specimen B and its reinforcement arrangement [19, 20] (All 
dimensions are in millimetre). 
 
 
4.  RESULTS OF THE CASE STUDIES AND DISCUSSION 
 
The referred specimens were analysed using the presented modelling approach and 
using the experimental reversed cyclic quasi-static horizontal loading data as input. All 
the specimens were analysed for the gravity loading prior to the analyses involving the 
cyclic loading. In order to assess the ability of the numerical model to capture the 
failure mechanisms exhibited by the RC frame, Figure 7 compares the crack patterns 
of specimen B obtained from the numerical model with those from the experimental 
test. As can be seen, the crack patterns of the numerical model exhibit a reasonable 
match with the crack propagation pattern found in the columns and beam of the bare 
frame specimen B.  
Considering the adequacy of the numerical modelling approach for the RC elements, 
additional models were then defined for the infilled frames. Given the significant 
amount of numerical results that were obtained, only a concise presentation of those 
results in terms of global load-deflection curves is presented herein. The numerical 
results that were obtained for specimens B, S, WO2, and DO2 are plotted in Figures 8, 
9, 10, and 11, respectively. Each figure shows the numerical load-deflection response 
(where deflection is defined by the lateral drift in %) that was obtained along with the 
corresponding experimental response. To achieve a better visual comparison, the 
numerical and experimental hysteretic responses as well as their corresponding 
envelope curves, are presented for each specimen.  
Based on the results obtained for the bare frame specimen that are showed in Figures 
7 and 8 the proposed modelling approach for RC frame can be seen to capture the 
structural behaviour of specimen B adequately, both in terms of failure mechanisms , 
strength and stiffness. Even though there is an overall good match between the 
experimental and the numerical cyclic responses, the numerical unloading branches 
deviate slightly from the experimental results when the drift exceeds 2.5%. This is due 
to the type of unloading stiffness associated to the material employed in ANSYS to 
represent the compressive behaviour of concrete, which has an unloading stiffness 
equal to the initial stiffness, i.e. with no degradation effects. In addition to this effect, the 
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differences between the numerical and the experimental responses can also be the 
result of other factors such as the existing uncertainty regarding some of the properties 
of the materials used in the experimental tests. Furthermore, experimental features that 
are unable to be represented numerically such as the loading rate may also have some 
influence. 
The results obtained for the infilled specimens (i.e. specimens S, WO2 and DO2) are 
shown in Figures 9 to 11, respectively. From the plots presented, it can be seen that 
the numerical models are also able to capture the experimental structural response of 
the infilled specimens with acceptable deviations. Furthermore, the numerical models 
of the partially infilled specimens (i.e. specimens WO2 and DO2) can be seen to be 
able capture the strength reduction resulting from the window and door openings.  
 
 
 
a) Experimental data b) Numerical model 
 
Figure 7 Crack patterns for the specimen B: a) experimental data; b) numerical model. 
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Figure 8. Load–deflection curves obtained from the experimental test and from the numerical 
model for specimen B. 
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Figure 9. Load–deflection curves obtained from the experimental test and from the numerical 
model for specimen S. 
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Figure 10. Load–deflection curves obtained from the experimental test and from the numerical 
model for specimen WO2. 
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Figure 11. Load–deflection curves obtained from the experimental test and from the numerical 
model for specimen DO2. 
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5.  CONCLUSION  
 
The proposed paper introduces the use of a detailed finite element modelling strategy 
to represent the cyclic behaviour of infilled RC frames as an alternative to experimental 
tests. The proposed modelling approach was developed using commercial software 
(ANSYS®) in order to be more easily replicated by other researchers.  
The presented case study examples show that the proposed micro-modelling approach 
is able to adequately represent the structural behaviour of masonry infilled RC frame 
specimens using only the basic mechanical material properties of the structural 
components. This conclusion is reached based on the ability of the models to capture 
the failure modes that occurred during the experimental tests, as well as to represent 
the evolution of the strength and stiffness with a reasonable match with the 
experimental results. Therefore, the proposed modelling approach can be used as an 
alternative to experimental tests to evaluate the behaviour of the RC infilled frames in 
order to get reliable data to calibrate the parameters of simplified strut models that are 
often used in more simulation-intensive numerical studies (e.g. when analysing the 
probabilistic behaviour of RC infilled frames under earthquake loading). 
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